Thin films of poly 3, 3' dibromo, 2,2' biththiophene (PDBrBTh) and poly 2,2' biththiophene (PBTh) on fluorine doped tin oxide electrode (FTO) were subjected to optical, electrochemical and impedance studies in various aqueous electrolytes. Both polymers showed electrochromic properties, where the neutral film at -1.0 V vs Ag/AgCl shows red color, and the oxidized (doped) film at positive potentials shows blue color. Optical studies indicated that PDBrBTh showed a greater optical band gap than that of PBTh. Our studies also showed that the presence of bromine as a substituent at the C-3 position of the thiophene ring causes a greater ionization potential (IP) than PBTh. PDBrBTh also shows closer values of refractive index(n), and real (ε r, ) and imaginary (ε i ) dielectric constants to that of PBTh at photon energies between 2.0eV and 3.0 eV. At lower photon energy PDBrBTh showed lower optical conductivity than Br-free PBTh. Study also indicated that PDBrBTh is much less photoactive that PBTh. Electrochemical impedance spectroscopic studies (EIS) revealed that PDBrBTh possesses less relaxation time, and less double layer capacitance (C dl ) in dark and under illumination.
Introduction
Regardless of their state, in solution, amorphous, crystalline, particle, thin solid or gel forms, photoactive organic polymers undergo changes in their physical properties upon illumination. These changes could be due to alterations in their molecular geometry and possible electronic configurations. These changes can be permanent or reversible. Observable changes include optical, electrochromic and electric properties. Often, these changes can be used in an applied capacity such as building up sensors or transistors.
Examples of these photoactive, intrinsic conducting polymers are polythiophenes and their derivatives (Arif K.et al 2018) . Several research works were focused on their noticeable properties such as electrical conductivity, redox behavior, electrochromic response and their extensive photoelectrical behavior (Kohsuke K. et al, 2012 , Buket B.C, 2017 , Chung-Wen et al 2018 , Yen Wei et al 1991 , and Druy M.A et al 1983 . These polymers have a great potential for industrial application in many areas. In recent years, many novel devices based on conducting polymers like organic thin film transistors (Arif K.et al 2018) , solar cells and batteries (Kohsuke K. et al, 2012) , and electrochromic devices have been built (Buket B.C, 2017 , Chung-Wen et al 2018 , Yen Wei et al 1991 , and Druy M.A et al 1983 .
Electropolymerization of the organic monomer on the electrode surface can generate diverse uniform/stable structures. Several applications were based on the outcome of immobilization using electropolymerization, such as advanced ion beam techniques (Teare D.O.H et al 2002) , self-assembly processes [Deckers G. 1997 , Zhang X. et al 1999 , chemical attachment of long-chain molecules to a surface [Aulman A. 1996) , and the cross-linking of a random copolymer film (Ryu D.Y. et al 2005) .
Creation of photoactive polythiophene assembles was achieved by several methods, most importantly the electrochemical method. The advantage of this method is that different monomers can be combined in defined ratios to create a polymer with desired film characteristics and band gap. optical dielectric, photoelectrochemical behavior of the polymer of the generated thiophene derivative (Figure 1 ).
In this study, we focused on determining how different the physical and chemical properties of poly 3,3' dibromo-bithiophene (PDBrBTh) are from those of poly 2,2`biothiophene (PBTh). In particular, we investigated differences in the absorption spectra, refractive index, dielectric constant, oxidation/reduction potential, and geometric structure. These parameters can shed light on whether light-induced changes are reversible or not. 
Experimental

Reagents
The monomers 2,2` bithiophene (BTh), and 3,3` dibromo thiophene (DBrBTh) were used to prepare their corresponding polymers: poly-2,2 bithiophene (PBTh) and poly-3,3`dibromo thiophene (PDBrBTh), respectively. All of the chemicals used were of analytical grade. Unless otherwise stated, aqueous solutions were prepared using deionized (DI) water. Fluorine-doped tin oxide (FTO) glass was used as substrate for the working electrode.
Preparations
The polymers were prepared using cyclic voltammetry (CV) by repetitive cycling of the substrate electrode (FTO) potential between -0.1 and 0.2 V vs Ag/AgCl in acetonitrile solution containing 10 mM of the monomer and 0.5 M LiClO 4 .
Instrumentation
A conventional three-electrode cell consisting of a Pt wire as a counter electrode, a Ag/AgCl reference electrode, and FTO with surface area 2.0 cm 2 as a working electrode was used for electrochemical studies. Photoelectrochemical studies on the thin solid films were performed on the experimental setup as described in previous work (Kasem K.K et al 2018) . Optical parameters were calculated based on the steady state reflectance spectra, measured by a Shimadzu UV-2101PC spectrophotometer. An Olympus BX-FL reflected light fluorescence microscope, working with polarized light at wavelengths ranging between 330 and 550 nm was used to visualize the surface imaging of the film. Irradiation was performed with a solar simulator 300-watt xenon lamp with an IR filter. All measurements were performed at 298 o K. A Solartron 2101A was used for EIS studies. A BAS 100W electrochemical analyzer (Bioanalytical Co.) was used to perform the electrochemical studies.
Results and Discussion
Electropolymerization of 3,3` Dibromo Thiophene (DBrBTh)
Polymer thin films were prepared using an oxidative electropolymerization method by repetitive cycling the potential of FTO (as substrate) at a scan rate 0.1V/s between -1.00 V and 1.8 V vs Ag/AgCl in an electrolyte described in preparation section. The results are displayed in Figure 2 . The expanded view in this figure shows a growth of cathodic peak in a potential range 1.2 V to 1.0 V vs Ag/AgCl upon repeating the scans. These cathodic peaks would appear only if the anodic scan reaches 1.8 V. No polymerization was observed at a voltage lower than this potential. 
Electrochromic Behavior
Both PDBrBTh and PBTh showed electrochromic behavior. Their films were blue at 1.6 V vs Ag/AgCl, while at -1.00 V vs Ag/AgCl they were red. The blue color is the complementary color of the broad absorption peak (λ 600-800 nm) (Figure 3 b, and b'). The red color corresponds to the absorption peak between λ 450-560 nm. We suggest that at -1.0 V vsAg/AgCl the polymer film is neutral and the polymer film segments follow the structure's pattern shown in Figure 1b and d. These structures offers the greater level of π-bond conjugation. Greater conjugated systems have larger absorption peaks and tend to show a redshift (shifted toward the longer wavelength region). Figure 3A -a shows that neutral PBTh offers a more conjugated system than that of the neutral PDBrBTh ( Figure B -a'), which also shows an absorption peak in the red range of the spectrum (λ 600-800 nm). This peak is lacking in the absorption spectra of PBTh, indicating that the peak is due to the presence of bromine atoms in the structure. Contrary to that, when the films subjected to the constant potential of 1.4 V vs Ag/ AgCl, it will be doped with ClO 4 -, the absorption peaks of PBTh ( Figure 3A -b) and of PDBrBTh ( Figure 3B -b') underwent blue shift. This indicated that doping the films with electrolyte anions decreased the level of conjugation. We suggest that incorporation of ClO 4 -causes low level π-bond conjugation. 
Optical Studies
Parameters such as σ opt. , α, n, ε r and ε i have been calculated and plotted as a function of photon energy. The results are displayed in Figures 2, 3 , 4 and 5.
Optical Band Gap Studies
The UV-VIS absorption spectra of PBTh ( Figure 3A -a) and PDBrBTh ( Figure 3B-b) show that PDBrBTh possesses overlapping peaks, one at ≈ 2.2 eV and one at ≈ 3.0 eV, while PBTh possesses a broader peak maximum at ≈ 2.2 eV.
Figures 3B and 3C were prepared after treatment of the absorption data as plots of α ½ vs photon energy (hυ) and (α*hυ) 2 vs hυ, respectively, as described in the previous study [(Tauc J, 1968) . The value of α was calculated using a film thickness of 1.0 μm. Figures 3B and 3C indicated that both PDBrBTh and PBTh show both indirect ( Figure 3B ) and direct ( Figure 3C ) band gaps. We suggest that different configurations do exist in the polymer matrices which may create hybrid sub-bands with smaller band gaps between the highest occupied molecular orbitals (HOMO) and lowest unoccupied molecular orbitals (LUMO) of the polymer. 
Optical Dispersion Characteristics
To investigate whether these polymers obey a single or multiple oscillation mode, a plot of refractive index (n) or its derivatives vs photon energy Figure 5 was constructed.
a)
Refractive index, n Figure 5A displays the plot of refractive index (n) vs wavelength. While PBTh did not exhibit large increase in n over all the studied wavelengths, the value of n for PDBrBTh noticeably decreased at wavelengths longer than 570 nm. This indicates that PDBrBTh follows the multi-oscillator model (Wemple S.H. et al 1971) at λ's longer 570 nm while PBTh partially follows the multi-oscillator model n above 570 nm. The intercepts of the linear equations displayed in Figure 5B denote to lattice dielectric constant. These intercepts are 19.379 and 19.535 eV for PBTh and for PDBrBTh, respectively. We do not have any reference value to judge the accuracy of these calculated quantities or if this relation can be applied to amorphous molecular materials. However, these close values indicate that no changes took place in the lattice dielectric constant. Figure 6 displays the plots of the calculated ε r and ε i against photon energy. The plot of the ε r vs photon energy is displayed in Figure 6A . Figure 6B shows the change in ε i vs photon energy The results displayed in Figure 6A show that the ε r 's of PBTh and PDBrBTh thin films are closer around a photon energy range of 1.9 to 2.7 eV. Above and below this range the real dielectric part for PDBrBTh was less than that of PBTh.
b) Dielectric constants (real ε r, and imaginary ε i )
The results displayed in Figure 6B show that the ε i of PDBrBTh film is less than that calculated for the polymer PBTh within a photon energy range up to 1.9 eV. However, the ε i of PDBrBTh exceeds that of PBTh. Such behavior can be explained considering that at low photon energy, the structure of PDBrBTh inhibits the energy dissipation process [Martin Dressel 2002) , while at photon energy greater than 2.7 eV the structure of the PDBrBTh enhanced dissipation energy. This is most likely because at this greater photon energy, the dielectric material underwent energy absorption due to the dipole motion influence. 
c) Optical conductivity (σ opt ) and Electrical conductivity (σ ele )
Both σ opt and σ ele. were calculated using the following formulas [Sharma P. Et al , 2007, Sabari G. et Figure 7. Optical σ opt. and electrical σ ele vs photon energy. a) log σ opt and a') log σ ele.for PBTh, b) log σ opt and b') log σ ele. for PDBrBTh Figures 7 a and b clearly show that 1) σ opt for PBTh is greater than that of PDBrBTh at photon energy up to ≈1.8 eV, and 2) σ opt for both polymers has very close value. It known that optical conductivity is related to the light-electrical component and it is time dependent. The electrical component of the light varies its amplitude and direction over time. The lower optical conductivity of PDBrBTh compared to PBTh at a low photon energy can be explained on the basis that the presence of Br hinders the interaction of the polymer with the electric component of light. At a photon energy smaller than 1.8 eV, PDBrBTh lacks the ability to provide the additional charge transfer needed for the conductivity (Sharma P. et al, 2007) . Figures 7 a' and b' indicates similar behavior to that observed in Figure 7 a',b' which also shows that σ ele. for PBTh, and for PDBrBTh are smaller than the corresponding σ opt . Such behavior can be explained on the basis of the Drude model (Drude Paul, 1900) , as electrical conductivity is considered as optical conductivity in a static filed.
Photoelectrochemical Behavior
Unless otherwise noted, the photoelectrochemical behavior was investigated in the dark and under illumination by cycling the potential of FTO/ PBTh and FTO/ PDBrBTh between -1.0 to 1.0 V vs. Ag/AgCl at a scan rate of 0.10 V/s in a given electrolyte. The electrode surface area was kept at 2.0 cm 2 . Figure 8A displays the CV of both the FTO/PBTh and FTO/PDBrBTh assemblies in 0.2 M acetate electrolyte (pH 8). This figure indicates that the recorded photocurrent for PBTh ( Figure 8A-a) is greater than that of PDBrBTh ( Figure  8A-b) . Greater photocurrent is a reflection of better charge separation. It is clear that PBTh facilitated charge separation and charge transfer more than PDBrBTh did. Figure 8B shows the photocurrent-time curve recorded in cycles of illumination and darkness in oxygenated electrolyte at -0.5 V vs Ag/AgCl. It is noticed that PBTh again generated more photocurrent than PDBrBTh even in longer illumination periods. The fact that PBTh maintained constant high photocurrent current suggests that PBTh possesses greater photo stability. This means that PBTh ( Figure 8B -a') is more photoactive than PDBrBTh ( Figure 8B-b' ). Photocurrent is generally produced when efficient charge separation occurs. These results suggest that very low electron/hole recombination (e/h) occurred in the illuminated PBTh. The existence of Br on the thiophene ring may contribute to the low charge separation and consequently to the low photocurrent. 
Electrochemical Behavior in Aqueous Acetate Electrolyte
Electrochemical Behavior in Aqueous Tartrate Electrolytes
The CV behavior of FTO/PBTh and FTO/PDBrBTh assemblies in aqueous tartrate electrolyte (pH 8) under illumination is displayed in Figure 10 A. Such behavior is similar to that observed in acetate and citrate. However, Figure 10B -b' shows that PDBrBTh gives an inconsistent photocurrent-time track. Furthermore it shows that PBTh gives a large and reproducible sharp anodic current spike in the first few seconds of illumination. Comparing the magnitude of this photocurrent spike in tartrates to that observed in citrate indicates that PBTh/tartrate created greater hole accumulation than that in PBTh/citrate electrolyte. Impedance investigations for FTO/ PBTh and FTO/ PDBrBTh were performed and analyzed in a three-electrode cell containing liquid electrolytes, between 10 5 -10 -2 Hz utilizing Solartron 1201A, MX-studio ECS software. Sample of the impedance complexes (Nyquist plot) generated from these studies are displayed in Figure 12 . This figure shows that PBTh, in neutral or doped form, possesses greater charge transfer resistance (R f ) to the faradic process than does PDBrBTh. The doped and neutral PDBrBTh have the same R f values. However, only neutral PDBrBTh shows diffusional control region (Warburg impedance). The existence of the semicircle indicates that the charge transfer is kinetically controlled. EIS data analysis results in calculations of several physical properties of PBTh and PDBrPTh. Tables 1 and 2 are list of some impedance data for both PBTh and PDBrBTh. While Table 1 shows that relaxation times (τ = 1/ω max ) for PBTh are longer than those of PDBrBTh, Table 2 shows that PBTh possesses greater C dl (double layer capacitance) in both neutral and doped states than PDBrBTh. Only the PDBrBTh neutral film shows a Warburg diffusion region (Figure 12 Bb). No evidence of charge saturation was observed with the cell assemblies used in these studies. 
Band -Energy Map of PBTh and PDBrBTh
The measured onset oxidation potentials E ox for each PBTh and PDBrPTh (figure 2, 8-11) along with data obtained from Figure 3 were used to calculate the electron affinity (EA), band gap, and ionization potential (IP) following the formula previously published (Slawomir B. et al 2007) . The positions of HOMO and LUMO of each polymer were approximatly identified. Figure 13 display the relative positions of energy bands for each polymer. This figure shows that 1) PDBrPTh has a larger band gap, greater HOMO level than PBTh, and 2) PDBrPTh possesses a smaller EA than PBTh. We suggest that these two facts, alonge with the donor/acceptor character of Br atom on C3, contributed to the lower photoactivety of PDBrPTh than that of PBTh. 
Conclusion
Studies show that introduction of bromine as a substituent at C-3 position of the thiophene rings, causes greater ionization potential (IP) and greater HOMO than PBTh. It also shows that both polymers have closer values around a photon energy range of 1.9 to 2.7 eV. At above and below this range, the real dielectric part for PDBrBTh was less than that of PBTh. Furthermore, lower optical conductivity and photoactvity were observed in PDBrBTh than in Br-free PBTh at lower photon energy.
These observed properties suggest that bromine can be used to tune and alter the photoactivity and morphology of photoactive organic semiconductor. The polymer chain planarity can also be affected by the presence of Br atoms, compared with unsubstituted PBTH film.
